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INTRODUCTION
The ongoing proliferation of harmonic polluting loads in electric power distribution systems raises increasing concerns. These loads came harmonic voltage distortion that may pmpagate throughout the distribution system and into the transmission system. It is well known that voltage waveform distortion may adversely affect the equipment connected to the power system In panicular. harmonic resonance phenomena in power systems are known to cause severe voltage distortion, and even failure of power system components. Harmonic resonance originates from the presence of capacitance in the power system (e.g. from conductor capacitance or power factor correcting capacitors), resonating with the inductive part of the power system impedance (from the transformer short-circuit and conductor series impedances). Non-linear loads are expected to cause a large voltage distortion when their current contains harmonic components with frequencies around the series or parallel resonant frequencies. Their presence requires harmonic mitigation measures [Z], [3] to avoid problems. Power system harmonic studies aim, among other goals, at predicting the amount of harmonic voltages at the different circuit nodes when non-linear loads are present. Unfomnately, power quality sNdies laking into account the influence of many non-linear loads in LV or MV power systems are quite difficult to undertake. Many non linear-loads, e.g. peak rectifiers. are very sensitive to variations of the power system parameters. curately, the non-linear load current is best predicted by calculations in the time domain. either by time-step simulation (e.g. PSPICE, EMTP) or using analytical models 171. When the number of loads to be modelled in the power system is large, timestep simulations quickly become unpractical: to ensure numerical accuracy and stability, small time step values are required, rendering the simulation time of large systems extremely long.
Moreover, the interaction between the non-linear devices in a power system often i n d u c e s convergence problems which are very difficult to solve. Mixed-mode simulation techniques like iterative harmonic analysis (IHA) model the power system network in the frequency domain and the non-linear loads in the time domain 181. Because the mutual influence between the non-linear devices is applied in an iterative way, this approach may seem attractive to reduce the calculation time and the risk of convergence problems. Unfortunately, when applied to loads which are highly sensitive to power system parameter variations (such as peak rectifiers), comparable simulation time and convergence problems as with time-step simulations arise. Consequently, many large-scale power system harmonic studies still resort to modelling the non-linear loads as current sources
[9]. Some authors try to account for the effects of harmonic cancelling and apply corrections to the rectifier line current waveform [IO] or use measured current waveforms applying an appropriate power system impedance [I I]. This paper will show that reasonable harmonic cancelling factors are not sufficient to accurately predict the voltage distortion when non-linear loads are modelled as current sources. Especially when power system resonances occur and highly sensitive non-linear loads (such as peak rectifiers) are present, the expected harmonic voltage levels may be overestimated, and the required power system conditions to provoke resonances are inaccurately predicted.
MODELLING APPROACH

A. Modelling the power system
For the purpose of this paper, the power system is modelled as a lumped impedance network, which is suitable for representing MV and LV distribution systems. The internal impedance of A three-phase transformer supplying a number of (three-phase) radial distribution feeders with several nodes each is considered (Fig. I) . The transformer impedance ztr and line impedance zs are chosen as follows:
The large short-circuit impedance Iztr/ is a typical value for HV/MV transformers to limit the sholtcircuit power. Because of their large size, the short-circuit impedance is very inductive (typ. Ot, = 80 degrees) to limit the full-load losses. The conductor parameters zs vary widely among different distribution systems. The major difference between conductor types is visible in the phase angle 0. of the conductor impedance, ranging from 30 degrees for cables to 55 degrees for typical overhead lines. Simulations can he performed with and without neutral conductor in the distribution network. The removal of the neutral conductor is accomplished by modelling the connection between the network node and the loads connected to it by an (ideal) A N transformer.
B. Modelling rhe lineor loads
In literature, many linear load models are available, the choice of which is very important for the correct prediction of the frequency and quality factor of resonance conditions [12]. In this paper, linear loads are represented by series RLsircuits, shunted by a capacitance to obtain unity power factor at the fundamental frequency ( Fig. 2 ). Although such a simple representation may not be accurate to model the damping of actual resonance conditions, it is sufficient to show the differences between different modelling approaches for non-linear loads. Different capacitance values (and, hence, different resonance conditions) can be modelled hy varying the fundamental power factor cos 6 of the RL-circuit. A network without resonance (i.e. cos 6 = 1) is obtained for X I = 0 and xc = CO. The load admittance y~ (h) as a function of the harmonic order h is then expressed as: where y , = l/xc. Using the pu active power consumption p~ of the linear load and the fundamental power factor cos + + of the RL-circuit as parameters, it is easily verified that:
The total linear load p~ is lumped into and equally divided among the network nodes, and is symmetrically connected between the phases and the neutral conductor.
C. Modelling the non-lineor loads
Among the different single-phase loads connected to the distribution system, three non-linear load groups are significantly important [SI. The first group contains the compact fluorescent lamps (CF'Ls) that employ magnetic ballasts. The second load group utilises phase control of thyristors to control both the input voltage and power to electrical devices, e.g. light dimmers, heating loads and controls for single-phase induction motors. The third load group present in the distribution systems, contains the loads that employ the capacitor filtered diode bridge rectifier (=peak rectifier) as their power supply. The input current waveform is discontinuous since the current is drawn only when the capacitor is charging. This current is rich in harmonics and the total harmonic distortion (THDI) is normally in the range of 100 %. Peak rectifiers are widely applied for power levels ranging from a few Watts to several hundred Kilowatts.
Examples of such loads include TV sets, personal computen, battery chargers, electronic ballasts for gas discharge lamps and small adjustable speed drives. In this paper, special interest is dedicated to the third load group because of their high line current distortion and their ongoing proliferation in domestic, office and industrial power systems. These loads can be modelled as single-phase peak rectifiers, as shown in Fig. 3 . The rectifier filter impedance Z N L may serve to model both the actual filter impedance andor the local power system impedance caused by the MVLV transformer and the LV cables. Including two cases for the filter impedance Z N L , the parameters are chosen as follows:
and Mvnv WOsfOrmer) (5)
where the pu values are referred to the nominal load P N L of the rectifier.
The difference between (4) and (5) The total rectifier load P N L is equally divided among the network nodes, and in every network node a symmetrical threephase rectifier load is considered, by connecting three singlephase rectifiers between the phases and the neutral conductor is a measure of the rectifier filter harmonic impedance ZNL as compared to the transformer impedance at the same harmonic order. The greater the value of this ratio, the less sensitive the rectifier becomes for distorted voltages, i.e. current source behaviour.
The ratio e for P N L = 0.1 and p~r .
= 0.5 are mentioned in In the following, the resulting voltage distortion at the point of common coupling (PCC) of the network in Fig. 1 is predicted using different models for the non-linear loads: I. the non-linear load is modelled in the time domain, using a non-linear electrical circuit simulator: 2. the non-linear load is modelled as a current source, the spectrum of which is obtained from a time-step simulation in which the rectifier (including its filter impedance) is supplied with a purely sinusoidal voltage: 3. the non-linear load is modelled as a current source, the spectrum of which equals the line current spectrum of the rectifier in a node most remote from the F' CC (node 4. 8, 12 or 16 of the network). The spectrum is calculated from a time-step simulation of the power network with the linear and nowlinear loads equally divided among the network nodes. Also, the cos r$ of the linear loads is set to unity, thus no resonances are present in the power system. This approach provides a current waveform reasonably accounting for harmonic attenuation due to the power system impedance.
All calculations include a sweep of the cos 6 of the RL-circuits between 0.8 and I, as to predict the influence of different resonance conditions on the voltage distortion.
CALCULATIONS
A. Zime-srep simulations
The THD of the voltage at the PCC is now calculated using time-step simulations, for different load parameters. Simulations are performed for a non-linear load p~r .
of 0.1 and 0.5 pu and filter impedances ~Z N L~ of 0.01 and 0.05 pu. In any case, the total active power load of the network equals I pu, therefore, the Linear load p~ equals 1 -p~~. The cos r$ of the RL-circuits is swept from 0.8 to 1. For every local maximum of the voltage THD at the PCC, the voltage harmonics with correlating maxima are given. This is illustrated in Figures. 4 and 5 . In From the four considered rectifier types, this configuration a p proaches mostly the current source behaviour (See section 11-C). Theresultsforothercasesas wellasforcos&=I aresummarised in Table 11 . From this table it can be noticed that a maximum of THD(upcc) may correlate with maxima of more than one harmonic. This is due to the non-linear behaviour of the rectifier, and is more pronounced when the rectifier load behaves less like a current source, i.e. for higher values of P N L and lower values of IZNL~. This is illustrated in Fig. 5 at a given hannonic do not correlate between time-step simulations and current source calculations. This is due to both the effect of the rectifier filter impedance ZNL. influencing the power system impedance, and the non-linear behaviour of the rectifier which can only be approximated by a current source model.
Also, from Table
In it follows that the maxima for the TIID 
C. Current source modelling: matching with purely sinusoidnl
By time-step simulations, the line current waveform of the peak rectifier (including its filter impedance) at purely sinusoidal voltage supply is obtained. This approach does not take into account any effects of diversity, which refers to the partial harmonic cancellation of the currents due to the dispersion in harmonic current phase angles, and of attenuation, which refers to the interaction of the load voltage and current distortion. Therefore, this approach represents the rectifier loads with an unrealistic and high current THD.
The non-linear loads are now replaced by current sources with the same specwm. The resulting voltage THD at the PCC is shown in Table lV , and in Figures 6 and 7 for the particular cases of p~~= 0 .
I pu, neutral conductor present. The large amount by which the resulting PCC voltage THD is overestimated is clearly visible, and is caused by the unrealistic current source THD and by neglecting the effects of diversity and attenuation. For the particular case of p~r . = 0.1 pu. = 0.01 pu and h = 5, the overestimation of the PCC voltage THD is 238%. Two important differences are noticed with the time-step simulations of the network Comparing Table Il and Table IU , the maxima of the voltage THD at the PCC occur at different values of the cos r, A of the linear loads. Using the current source modelling approach, the impedance matrix of the network shows clear evidence of resonance conditions at the voltage THD maxima, as was explained in the previous paragraph. Analysing the spechum of the PCC voltage from the time-step simulations, the voltage THD maxima also occur at resonance conditions; however, for a given harmonic, resonance occurs at lower cos r, A values than predicted by the current source approach. Comparison of Fig. 4 with Fig. 6 and Fig. 5 with Fig. 7 readily leads to this conclusion. This is mainly explained hy the fact that the (inductive) rectifier filters reduce the (inductive) power system impedance. therefore requiring larger capacitances (and hence lower cos4 values) to fulfill the resonance condition for that harmonic. The greater the impedance / Z N L / (inductive), the more the rectifier load behaves like a current source (Section 11-C), and consequently, the smaller the difference becomes between the current source modelling approach and the time-step simulations.
voltage supply
The maximum values of the voltage THD at the PCC are much larger for the current source modelling approach. This is explained by the unrealistic T W of the current sources, and the fact that power system voltage distortion at resonance increases severely, affecting the commutation behaviour of the rectifier and, consequently, reduces its line current distortion and causes harmonic cancelling.
D.
Currenr source modelling: matching with the most remore By time-step simulations, the line current waveforms of the peak rectifiers in the different nodes of the network are obtained.
The cos r, A of the linear loads is set to unity. The peak rectifier located at the node which is most remote from the PCC (node 16) shows the lowest line current THD, because the power system impedance in that node is the largest. Therefore, the line current spectrum of this rectifier includes some effects of attenuation and diversity in a reasonable way. When applied to current source modelling, one would expect the current source THD to be slightly underestimated, because the power system impedance in that node is the highescof the network. When the rectifier loads are replaced by a current source with the same waveform, however, the differences with the time-step simulations are of the same nature as explained in the previous paragraph. The results are summarised in Table V . The overestimation of the PCC voltage THD for the particular case of P N L = 0.1 pn, Iz.,rL/ = 0.01 pu and h = 5, is now 177%. Although the PCC voltage THD is much overestimated in most cases, the difference with time-step simulations is smaller than reported in the previous paragraph. The more the rectifier load behaviour approaches current source behaviour (i.e. for smaller rectifier loads p~, , and for higher rectifier filter impedance lzp,~l), the smaller the difference with time-step simulation results becomes.
E. Influence of the neutral conductor
In the previous sections, the results are explained for a power system with a neutral conductor both in the h4V and LV disuihution system network. The modelling of the neutral conductor is a very simplified representation because the considered neutral conductor has no impedance. Consequently, the zerosequence impedance of the conductors equals the positive-and negative-sequence impedances. This is valid for a three-phase. four-wire arrangement with multi-grounded neutral conductor or for a conductor arrangement where the three-phase conductors are split into three single-phase, two-wire, conductor sets. The removal of the neutral conductor is accomplished by modelling the connection between the network node and the loads connected to it by an (ideal) A f Y transformer. From Tables 11, N and V, it follows that the influence on the voltage THD at the PCC is relative small. Although there is a strong 3-th harmonic current (MO%), it follows from Table Jl that the influence on the voltage THD at the PCC is relative small because the 3-th harmonic impedance is small, zpcc(h) = h.zpcc(l), in comparison with higher harmonics. The reduction of the 3-th harmonic current seems to be more important to reduce the losses in the neutral conductor than to prevent too high voltage distortion in the power system. The conclusions of previous sections remain and time simulations are necessary to accurately predict both the resonance conditions and the voltage THD in the PCC and in other network nodes.
IV. CONCLUSION
In this paper is was shown that current source modelling and reasonable harmonic cancelling factors are not sufficient to accurately predict the voltage distortion when non-linear loads are modelled as current sources. Especially when power system resonances occur and highly sensitive loads (such as peak rectifiers) are present, expected harmonic voltage levels may be overes- 
